Comparative studies were made of the metabolic activities of a strain of Staphylococcus aureus grown in iron-poor and iron-rich trypticase medium, with and without glucose. Four nutritionally distinctive types of organisms were produced : iron-rich without glucose (Fe + G -) ; ironpoor without glucose (Fe -G -) ; iron-rich with glucose (Fe + G + ) ;
INTRODUCTION
The growth characteristics of Staphylococcus aureus in complex media of various iron availabilities have recently been reported (Theodore & Schade, 1965) . Not only the rate of growth but also the final size of the population were dependent upon the concentration of free iron in the medium. Preliminary investigations of the metabolic effects of nutritional iron deficiency showed that iron restriction of growing S. aureus resulted in qualitatively and quantitatively altered aerobic metabolism of common carbon sources (Schade, 1963) . Since iron is required for the formation of haemoproteins essential for many enzymically catalysed biological oxidation-reduction reactions and thus must be provided in the growth media of practically all micro-organisms, the possible metabolic alterations produced in S. aureus by iron-deficiency have been examined. Such a study is of significance since
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the nutritional conditions provided by the circulating animal body fluids approximate an iron-restricted state for S. aureus affected by the iron-chelating activity of their contained siderophilin [transferrin] , (Schade, 1960) . A more satisfactory understanding of the pathogenicity of S . aureus can be anticipated from the knowledge of its metabolic characteristics as they are determined by iron restriction, rather than from that derived from previous studies of organisms grown in media containing essentially excess iron. In the present work, comparative studies of the oxidative and glycolytic activities of suspensions of iron-rich and iron-poor S . aureus were made. In an attempt to determine the site of action of iron in the metabolism of these organisms, qualitative and quantitative analyses of the end products formed from various carbohydrate intermediates have been made.
METHODS

Organism.
A penicillin resistant strain of Staphylococcus aureus, phage type 80/8l, was used throughout. Stock cultures on nutrient agar slopes were kept in the cold and subcultured every 2 months.
Media. The basal medium used for the production of iron-rich and iron-deficient organisms contained : 2 yo (w/v) iron-depleted trypticase medium (O.Ol-@OZ pg.
Felml.); 1 % (vlv) egg white (1.0 ml. egg white through its contained conalbumin binds about 20 pg. iron, Schade & Caroline, 1944); growth factor amounts of biotin (0.11 pg./ml.), nicotinic acid (0-05 pg./ml.), thiamineHCl (0.05 pg./ml.). When desired, glucose was added to the medium to a final concentration 0.2 % (w/v). All media were initially at pH 7.6. To obtain conditions of restricted and unrestricted iron availability, iron as ferrous ammonium sulphate (Fe(NH,),( SO,), .6H,O; Fisher C. P.) was added to the media at 0.01 and 0.228 pg./ml. The resulting percentages iron saturation of the egg-white conalbumin were 10-15 and 115-120 respectively. Procedures for cleaning glassware, removal of iron from the trypticase medium (Baltimore Biological Laboratories, 0-6-0.8 pg. Felml.), and the preparation of various medium components were described in a previous paper (Theodore & Schade, 1965) . Media were dispensed in 500ml. batches in 2 1. screw-capped Erlenmeyer flasks. Seed cultures were grown a t 37' for 12 hr in iron-depleted trypticase (2%) medium without egg white or glucose. Preparatim of washed coccal suspensions. For manometric studies and for determining products of glycolysis and oxidation of substrates, suspensions of Staphylococcus aureus were prepared from log-phase cocci grown in iron-deficient and ironenriched media, in absence or presence of glucose. Organisms grown in these media will be referred to herein as: Fe-G-cocci, Fe+ G-cocci, Fe-G + cocci and Fe+ G + cocci, respectively. Five hundred ml. of the appropriate media were inoculated with 0.8 ml. of a l / l O O dilution of the seed culture which had an extinction E i:gp of approximately 0.8, and incubated at 37' on a rotary shaker. The incubation times and the final pH values of the cultures grown in the four media and harvested while still in their logarithmic phase of growth were: (Fe -G -) 13 hr, pH7.5; (Fe+ G-) 10 hr, pH 7.7; (Fe-G + ) 12 hr, pH7.5; (Fe+ G + ) 9 hr, pH 6 -5 ; respectively. At harvest the cultures were passed through Pyrex glass wool filtering fibre and centrifuged at 4' at 4000g for 20 min. Analyses for glucose in the supernatant fluids of all cultures were positive only in those from the high-and Metabolism of Fe-poor staphylococci low-Fe + glucose media. For oxygen uptake studies, cocci were washed twice with 0.1 M-phosphate buffer (pH 7-4) and resuspended in the same buffer. Organisms used for the measurement of glycolytic activity were washed twice and resuspended in 0.03 M-N~HCO, buffer (pH 7 4 ) . For the manometric assay of catalase activity, the cocci were washed and resuspended in 0.85 yo (w/v) NaC1. All suspensions were diluted to an extinction at 600 mp appropriate to their intended use. Preliminary analytical studies established that a E &k> of 1.0 was equivalent to approximately 320pg. dry wt. organism/ml. and 2x109 cocci/ml. of the suspension measured. These values were applicable to the organisms grown in all four media.
Analytical procedures. Standard Warburg manometric techniques were used for measuring 0, uptake and CO, production (Umbreit, Burris, & Stauffer, 1957) . The main chamber contained 2.0 ml. washed coccal suspension (equiv. 3.2 mg. dry wt.) and the substrates in the sidearms were added in 0.1 and 0.2ml. amounts. The temperature was maintained at 37". For analysis of the products of glycolysis and oxidation of the substrates used, duplicate Warburg vessels were shaken in the bath with the same proportion of cocci to substrate and were set up in conjunction with the manometric experiment. Following complete utilization of the substrate, as measured manometrically, the vessels were chilled and samples removed, centrifuged in the cold, and the supernatant fluids frozen and kept for analysis.
Catalase activity was assayed for manometrically (Schade, 1963) . Iron analysis of the medium and the iron-binding capacity of the egg white were determined by the bound-iron and unsaturated iron-binding capacity methods of Schade, Oyama, Reinhart & Miller (1954) . Glucose was determined by glucostat (Worthington Biochemical Corp., Freehold, New Jersey). Pyruvate remaining in the supernatant fluids was assayed as the 2,&dinitrophenylhydrazone, with benzene extraction (Friedemann & Haugen, 1943) 
RESULTS
Oxidative activities of iron-rich and iron-poor Staphylococcus aureus
The oxidative capabilities of iron-rich and iron-poor staphylococci, when grown in the presence or absence of glucose, were measured with common glycolytic and Krebs cycle intermediates at non-limiting substrate concentrations ( Table I) .
Fe + G -suspensions oxidized glucose, L-lactate, malate, D-lactate pyruvate, acetate and formate. In contrast, Fe -G -suspensions oxidized glucose, L-lactate and Dlactate at approximately one-half to one-third the rate of that of the Fe + G -cocci.
Malate oxidation was greatly suppressed while pyruvate, acetate and formate were not utilized. Thus, it is clear that the growth of Staphylocossus aureus in an ironrestricted medium resulted in organisms with impaired respiratory activity. When Fe + G + suspensions were similarly examined (Table l) , they oxidized glucose, L-lactate, D-lactate, pyruvate and formate at more or less severely decreased rates as compared with those found with Fef G-cocci; for example, the Q0, on pyruvate showed an eightfold difference. Fe -G + suspensions were completely devoid of any activity on these same substates except for a very small rate of oxidation of glucose.
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End product analysis studies on iron-rich and iron-poor suspensions grown in the absence of glucose Since differences in oxidative rates were found as between suspensions of ironrich and iron-poor staphylococci on various selected substrates, the effects of iron deficiency on the qualitative and quantitative results of such oxidations were studied. With limiting amounts of various substrates, total 0, uptake and CO, production were determined and analyses for the accumulated end products were made. Figure 1 lesser extent citrate, were oxidized by Fe+ G-cocci. End-product analysis showed that formate and acetate were oxidized completely with 92 and 96 yo of the carbon accounted for as CO,, respectively ( Table 2) . Fe -G -coccal suspensions, as shown in Fig. 1 and Table 2 , were unable to use any of these substrates. It appeared possible that the Fe-G-cocci contained all the enzymes necessary for the oxidation of the above substrates, but that one or more were present as apoenzymes which required free ionic iron for the completion of activation. To test this, suspensions of Fe -G -cocci were pre-incubated in Warburg vessels with 3-0 pg.
iron for 30 min. at 3 7 ' ; then formate and acetate were tipped into the suspensions. No 0, uptake was observed. Suspensions of Fe+ G-and Fe-G-cocci were examined for their ability to oxidize glucose and various intermediates of glycolysis (Fig. 2) . Fe+ G-cocci +oxidized glucose, L-lactate, D-lactate and pyruvate essentially to completion #{Table 2). In all cases the only major end-product was CO,. The difference in the amount of carbon initially provided and that accounted for as CO, produced (Fig. 2) . Pyruvate, in contrast to the results obtained with Fe+ G -cocci, was not oxidized. As calculated from the data in Table 2 the unrecovered carbon had been assimilated. The observed respiratory quotients of both iron-rich and iron-poor cocci (Table 2) , when considered in conjunction with the oxidation state of the accumulated end-products, are in reasonable agreement with the calculated theoretical values based on complete oxidation of the substrate to CO, and water.
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End-product analysis studies on iron-rich and iron-poor Staphylococcus aureus
grown in the presence of glucose Figure 3 records the 0, uptake by Fe+ G + and Fe-G + cocci on selected substrates. In contrast to Fe + G -cocci (Figs. 1, 2) , Fe + G + cocci were unable to use acetate, malate, succinate or citrate. Glucose, L-lactate, D-lactate and pyruvate were oxidized a t decreased rates and incompletely, while formate was oxidized to the same extent by Fe + G -cocci, but at a slower rate. With Fe -G + cocci only glucose was oxidized. The total 0, consumed by these cocci was onequarter that of the Fe -G -cocci. acetoin, 11 %; a t the time of analysis, no glucose remained. Glycolytic activity of iron-rich and iron-poor staphylococci To determine the glycolytic activity of iron-rich and iron-poor Staphylococcus aureus when grown aerobically in the absence or presence of glucose, glucose fermentation studies were made ( Fig. 4; Table 4 ). Fe+ G -cocci fermented glucose anaerobically a t approximately one-third to one-quarter the rate of the Fe-Gcocci. When grown in the presence of glucose, iron-rich and iron-poor cocci both fermented this substrate a t about the same rate and to the same extent. In all cases (Table 4) , the products of glycolysis were mostly lactate (73-94 %), acetate (4-7 Yo) and traces of pyruvate. These results show that growth on glucose enhanced the glycolytic activity of iron-rich cocci while the activity of iron-poor cocci was high and essentially the same, irrespective of the presence or absence of glucose in the growth medium. It appears that the iron-poor cocci deficient in normal respiratory activity relied on anaerobic fermentation and thus showed high activities of glycolyzing enzymes even in the absence of glucose. The acetate found probably resulted from the dismutation of pyruvate. Studies on the pyruvate dismutation activity of these organisms grown in absence of glucose showed that iron-rich cocci were Glycolytic activity by suspensions of iron-poor and iron-rich Stuphylococcus auras grown in the absence or presence of glucose. The experimental details are as described in Table 4 .
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Metabolism of Fe-poor staphylococci three times as active as the iron-poor cocci (Q of high-Fe = 99 versus Q of lowFe = 31, where Q = pl. CO,/hr/mg. dry wt. organism).
Catalase activity of iron-rich and iron-poor cocci
When iron-rich and iron-poor staphylococci grown in the absence of glucose were compared for their relative catalase activities, Fe -G -cocci (Q = 1.3) were practically devoid of this iron-containing enzyme while Fe+ G -cocci (Q = 48) as expected were relatively rich. Of particular interest was the apparent inhibitory effect that glucose had on the catalase activity of organisms grown in the medium containing high-Fe +glucose. Fe + G + cocci (Q = 8.6) possessed only 20 yo of the activity of cocci grown in the absence of glucose. Fe -G + cocci (Q = 26), like the Fe-G -cocci, were practically devoid of any catalase activity (Q values = pmoles 0, produced/min./mg. dry wt. cocci). (1965) showed that the growth rate of a strain of Staphylococcus uurew Sols1 in iron-restricted trypticase media was dependent on the amount of free ionic iron available to the organism. Addition of glucose to such media a t all concentrations of iron investigated increased further the logarithmic growth rate. The responses of these bacteria to iron and glucose additions made investigation of their metabolic characteristics of especial interest since their growth-rate patterns followed those of the same strain grown in human serum a t various concentrations of siderophilin-iron saturation (Schade, 1963 (1954) showed that the pyruvic oxidase of Clostridium butgrkum required ferrous iron. The end-products from glucose and L-lactate metabolism by Fe -G -staphylococci were CO,, acetate and acetoin, while only CO, and acetate resulted from D-lactate utilization. That pyruvate was not found as an end-product of these oxidations and was itself not used as a substrate suggested that either glucose and lactate are converted to acetate and CO, by a lactate oxidase system similar to that found in mycobacteria (Sutton, 1954) and not involving pyruvate; or that Fe -Gcocci are impermeable to exogenous pyruvate. To account, however, for the production of acetoin from glucose and L-lactate without pyruvate as an intermediary is not possible on the available evidence. Further, since the C02 produced from the oxidation of glucose and lactate was in considerable excess of that expected from the quantity of acetate found as end product, assuming that the path of such oxidations is via lactate to acetate and CO,, and since acetate is demonstrably not oxidized, some other metabolic oxidative system must be operative in these organisms. The percentages of carbon recovered indicate some assimilation of these substances. The possibility exists that the excess CO, was derived from oxidation of an assimilated material. The results obtained with iron-rich staphylococci when grown with and without glucose were similar to those found by Collins & Lascelles (1962) , Gershanovitch, Palkina & Burd (1963) , and Strasters & Winkler (1963) who showed that growth on glucose repressed the formation of enzymes required for the oxidation of acetate and tricarboxylic acid cycle intermediates. In the present work, Fe + G + staphylococci not only did not oxidize these substrates, but also produced acetate as an end product from glucose, L-lactate and pyruvate. Fe-G-staphylococci, with their already impaired respiratory activity, were so inhibited by the presence of glucose that they did not oxidize L-or D-lactate and only slowly attacked glucose itself. The accumulation of large amounts of lactate from glucose oxidation suggested that there was increased reliance on anaerobic fermentation for energy production necessary to growth and maintenance of the Fe-G + staphylococci. From these results, it can be seen that the metabolic activity of Staphylococcus aureus was affected not only by the amount of available iron in the medium but also by the presence or absence of glucose. Since there are many examples in the literature of repression of enzyme synthesis by glucose, any studies of the metabolic capacities of organisms as affected by a particular nutrient, e.g. iron, must consider the possibility of misinterpretation of data when glucose has been used as the common carbon +energy source. For instance, Fe -G + staphylococci did not use L-or D-lactate and only slowly oxidized glucose with the accumulation of large amounts of lactate. These findings, considered by themselves, might have been ascribed to iron deficiency, however, they were actually due to glucose inhibition since Fe -G -staphylococci grown in the absence of glucose were able to oxidize L-and D-lactate and to oxidize glucose without accumulation of lactate.
